| Fabrication procedure of a graphene-contact microdisk laser. (a)-(g) Schematic diagrams of the fabrication procedure of a graphene-contact microdisk laser. (a) A microdisk is fabricated using electron-beam lithography and chemically-assisted ion-beam etching. The cross-linked poly(methyl methacrylate) (PMMA) layer acts as an etch mask, which is removed by oxygen plasma after dry etching. The diameter of the microdisk is ~5 m. (b) A dielectric ring structure with a thickness of 550 nm and a width of 700 nm is formed on the microdisk. This ring structure consisting of cross-linked PMMA is not affected by following fabrication processes such as wet etching and electron-beam lithography. (c) The sacrificial InP layer underneath the microdisk is partially etched in an aqueous solution of hydrochloric acid (HCl:H 2 O=2:1) at room temperature to form a central post. The post size is controlled carefully by the etching time. (d) A dielectric structure, whose purpose is to electrically separate the graphene sheet from the p-InP substrate, is fabricated around the microdisk using multilayers of methyl methacrylate (MMA) and PMMA with a total thickness of 1300 nm. High-electron-dose electron-beam lithography is used to cause the PMMA/MMA layers to be cross-linked. The gap between this dielectric material and the microdisk is designed to be ~1 m. (e) To prepare a free-standing graphene sheet, a PMMA layer is first coated on a graphene sheet, which is synthesized on an Ni/SiO 2 /Si substrate. The PMMA/graphene sheet is detached from the substrate by successive wet etching of SiO 2 and Ni layers, followed by rinsing with water. Then, the
PMMA/graphene layer floating on the water is mounted onto the microdisk structure, whose fabrication process is shown in Fig. 2d . (f) Thick lines are patterned on the PMMA layer around the microdisk using electron-beam lithography for the isolation of the graphene contact. (g) Finally, the exposed graphene is etched using oxygen plasma and then the remaining PMMA is completely removed by rinsing with acetone for 20 minutes. (h) SEM image of the side view of the graphene-contact microdisk, which was sliced by focused ion-beam (FIB) etching. Re-deposition of etched materials and damage to the graphene sheet occurred during the FIB process. The scale bar is 1 m. Table that summarizes the calculated Q factors and resonant wavelengths for different thin films placed on the top surface of the microdisk. Due to light absorption and scattering by the thin film, a high Q factor of 270000 for the microdisk without any film is reduced to several hundreds when a graphene or gold layer is introduced. As the thickness of graphene decreases from 3 to 1.5 nm, the Q factor nearly doubles, increasing from 90 to 170. Hence, the Q factor can increase further if mono-or bi-layer graphene with a sub-nanometer thickness is used. The simulation also shows that the difference between the resonant wavelength of the microdisk with 3 nm-thick graphene and that of the microdisk without graphene is only 14 nm. This indicates that the optical thickness of the graphene layer is negligible. Note that we employed a free-standing gold film in the simulation for comparison, even though this gold film cannot be freely suspended in air in an actual fabricated sample. . The red line is a linear fit to the measured data points (black dots). The inset shows a schematic of the transmission line model structure with graphene pads (50 m×50 m) and a variable distance between the pads. From this transmission line method (TLM) measurement, the contact resistivity is estimated to be 5.8×10 -4
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•cm 2 and thus the contact resistance in our microdisk laser is 4.9 k . (b) Schematic illustrating current injection in a graphene-semiconductor contact (top) and an equivalent electric circuit model (bottom). Based on measurements, the sheet resistance of graphene is 500 /sq, and the equivalent lateral resistance (R L ) and contact resistance (R V ) for one grid with a size of L·W are 500 · L/W and 5.8×10 -4 ·cm 2 /( L·W), respectively. (c) As a result of the calculation performed in (b), normalized current density was plotted as a function of distance from the left edge of the graphene. The current density was reduced by only 1.6% at a distance of 2 m, which corresponds to the radius of the graphene contact in the microdisk laser. Together, these results demonstrate that the graphene contact can provide efficient current spreading and uniform current injection into the n-InGaAsP epilayer of the microdisk due to the low sheet resistance of graphene.
Supplementary Figure S5 | The reduction of electrical resistance by introducing a metal layer underneath the graphene contact. (a) SEM image of a graphene-contact microdisk with a diameter of 3 m. A gold layer with a diameter of 1 m and a thickness of 100 nm was introduced between the graphene contact and the microdisk. A dielectric ring structure was not fabricated. The scale bar is 1 m. (b) Measured current-voltage characteristic of (a) for pulse pumping with a 10% duty cycle. Electrical resistance is estimated to be ~2.3 k , which is much smaller than the resistance of the laser device with no metal layer, ~5.8 k (inset of Fig. 3b) , and is similar to the resistance of the previously reported metal-contact microdisks of similar size 25 . This experiment shows that the device resistance can be reduced significantly by introducing a metal layer between the graphene contact and the microdisk. Figure S6 | Microdisk lasers operated by current pulses with different duty cycles. (a) Measured EL spectra in a microdisk cavity with few-layer graphene under pulse pumping conditions with 10% (black), 20% (red), 30% (blue) and 50% (green) duty cycles. The pulse widths changed from 100 to 500 ns, whereas the period of each pulse was fixed to 1 s. Lasing operations were observed at wavelengths of 1537.9, 1538.3 and 1538.6 nm for current pulses with 10, 20 and 30% duty cycles, respectively, showing spectrometer-resolution-limited linewidths. For the pulse pumping with a 50% duty cycle, an EL spectrum was observed at a wavelength of 1540 nm, showing a significant linewidth increase. All EL spectra were measured at the peak current of 750 A, which is far above the threshold for pulse pumping with 10-30% duty cycles. (b) Relative lasing threshold currents were plotted as a function of duty cycles. They were normalized by the value measured for pulse pumping with a 10% duty cycle. The threshold currents were measured to be almost constant as the duty cycle increased from 10 to 30%. This observation indicates that the heat problem in the graphene-contact microdisk laser is not critical for pulse pumping with ≤30% duty cycles. However, pumping with a >50% duty cycle causes >2 nm red-shift of the resonant wavelength and therefore lasing operation was not achieved.

